Sedimentary exhalative (SEDEX) Zn-Pb-sulfi de mineralization fi rst occurred on a large scale during the late Paleoproterozoic. Metal sulfi des in most Proterozoic deposits have yielded broad ranges of predominantly positive δ 34 S values traditionally attributed to bacterial sulfate reduction. Heavy isotopic signatures are often ascribed to fractionation within closed or partly closed local reservoirs isolated from the global ocean by rifting before, during, and after the formation of Rodinia. Although such conditions likely played a central role, we argue here that the fi rst appearance of signifi cant SEDEX mineralization during the Proterozoic and the isotopic properties of those deposits are also strongly coupled to temporal evolution of the amount of sulfate in seawater.
INTRODUCTION
Sedimentary exhalative (SEDEX) deposits are sulfi de-dominated Pb-Zn ore bodies with sphalerite and galena as the principal ore minerals. Although the specifi cs of this deposit type are complex (Goodfellow et al., 1993; Lydon, 1996; Large et al., 2004) , formation through submarine venting of hydrothermal fl uids in structurally controlled (rifted) sedimentary basins are universal characteristics. The compilations of Goodfellow et al. (1993) and Lydon (1996) show us that SEDEX mineralization spans a broad portion of geologic time-ranging from ca. 1800 Ma to possible analogues forming today-however, peak abundances are well expressed during discrete intervals of the mid-Proterozoic (1800-1600 Ma) and late Proterozoic to Paleozoic (600-300 Ma). A clear maximum in ore tonnage is observed between 1700 and ca. 1600 Ma.
Despite this broad temporal distribution, Lydon (1996, p. 141) found the lack of early Proterozoic and Archean SEDEX deposits to be enigmatic:
There does not appear to be any compelling reason, based on current understanding, why Sedex deposits should not occur in rocks older than Middle Proterozoic [late Paleoproterozoic]. The onset of the Middle Proterozoic does not seem to coincide with any major permanent change in global climate, ocean water composition, atmosphere composition, or geotectonic processes.
The purpose of this report is to revisit this assertion within the context of the most recent studies of Precambrian oceanatmosphere chemistry and, in doing so, suggest why such a gap is precisely what the models for early Earth predict. It is not our intent, however, to provide a comprehensive survey of SEDEX mineralization or to develop a model that precludes the possibility of exceptions. Instead, we will suggest that the fi rst-order patterns, and in particular the absence of Archean deposits and the abundance of SEDEX mineralization of Proterozoic age, are completely consistent with a now widely held view of evolving Precambrian ocean chemistry. The essential Proterozoic controls include the fi rst appearance of quantitatively signifi cant sulfate in the ocean, the persistence of deep water oxygen defi ciency, the widespread distribution of bacterial hydrogen sulfi de within the ocean and underlying sediments, and possibly abundant methane within the Proterozoic ocean-atmosphere system. All of these parameters will be viewed in light of the pronounced 34 S enrichments that dominate the metal sulfi des of most mid-Proterozoic SEDEX mineralization. More challenging is an explanation of the distribution of major SEDEX mineralization in younger sediments. Tectonic infl uences, specifi cally the temporally varying extent of continental rifting, are always the essential backdrop to SEDEX hydrothermal processes. However, in the Phanerozoic, as for the Precambrian, depositional redox may have played a central role in controlling the amount and preservation of metal sulfi de accumulation on the seafl oor.
BACKGROUND SEDEX Deposits
The many details of sedimentary exhalative sulfi de deposits, including genetic models, are ably reviewed in Goodfellow et al. (1993) , Lydon (1996) , and Large et al. (2004) and are only briefl y summarized here. SEDEX deposits are marked by stratiform, sediment-hosted Zn-Pb-sulfi de mineralization, with sphalerite and galena as the principal ore minerals and pyrite typically as the most abundant sulfi de phase. These deposits form in sedimentary basins through submarine venting of hydrothermal fl uids. SEDEX mineralization is essentially synsedimentary-forming at or just below the seafl oor within fault-controlled basins or troughs that are most often related to major intracratonic or continental margin rift zones-although mineralization often postdates the most active phase of rifting (Lydon, 1996) , The deposits range in age from ca. 1800 Ma to possible modern analogues but cluster in two groups: 1800-1600 and 600-300 Ma (Fig. 1) . Most Proterozoic deposits formed between ca. 1700 and ca. 1600 Ma, which, from the standpoint of ore mass, is the dominant interval of all SEDEX-related Zn and Pb mineralization. Ore fl uids are generally linked to metalliferous formational waters that were heated within the sedimentary basin under the elevated geothermal conditions of the typically extensional tectonic settings. The redox conditions of the basin lithologies exert an important control on the redox state of the metal-transporting fl uids (Cooke et al., 2000) . These workers distinguish two distinct classes of SEDEX Zn-Pb deposits termed McArthur-type and Selwyn-type. Metal-transporting fl uids for the former appear to have been relatively oxidized In further agreement with this conceptual model, Proterozoic SEDEX deposits in northern Australian formed from relatively oxidized fl uids that required reduced conditions at the site of mineralization. By contrast, the generally more oxygenated Phanerozoic ocean may have only locally and intermittently favored the formation and preservation of exhalative mineralization, and most Phanerozoic deposits formed from reduced fl uids that carried some sulfi de to the site of ore precipitation.
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(sulfate » sulfi de), whereas the latter type formed from more reduced fl uids (sulfi de ≥ sulfate).
SEDEX deposits are well known for the large amounts of sulfur they contain, which is present in Proterozoic examples almost exclusively as pyrite, base metal sulfi des, and pyrrhotite. Barite is much more common in the Phanerozoic deposits. Because the metal-rich ore fl uids would by necessity be comparatively sulfi de defi cient, a substantial portion of the sulfi de sulfur must be supplied independently at the site of mineralization. Bacterial reduction of seawater sulfate within anoxic pore fl uids or a euxinic (anoxic and H 2 S-containing) water column is generally considered an essential source of that sulfi de. When present, the δ 34 S values of barite are generally consistent with a seawater sulfate source, suggesting barite formation by reaction between hydrothermal barium and sulfate in ambient seawater.
Sulfur Isotopes
Dissimilatory bacterial sulfate reduction (BSR) typically yields hydrogen sulfi de that is strongly depleted in 34 S relative to the 34 S/ 32 S ratio in the residual parent sulfate. Under pure-culture laboratory conditions, this sulfi de can be depleted by up to 40‰-45‰ relative to the sulfate (Chambers et al., 1975; Canfi eld, 2001; Detmers et al., 2001) . Instantaneous fractionations of this magnitude are observed during BSR even at very low initial sulfate concentrations ranging down to 200 μM, or less than 1% of the concentration in modern seawater. Below ~200 μM, rates of sulfate reduction are limited by sulfate transport across the bacterial cell membrane to the internal sites of enzymatically catalyzed fractionation. Under these conditions, most of the sulfate entering the cell is reduced, and the net fractionation is minimized (Canfi eld, 2001; Habicht et al., 2002) .
The 34 S depletions observed in Phanerozoic sedimentary sulfi des can exceed 60‰, which may be larger than what is possible via BSR alone. A popular hypothesis for the extreme 34 S depletions observed in low-temperature sulfi de minerals invokes additional fractionation during bacterial disproportionation of elemental S and other S intermediates, which form through partial oxidation of H 2 S (Canfi eld and Thamdrup, 1994; Habicht and Canfi eld, 2001; cf. Brunner and Bernasconi, 2005) .
The net isotopic fractionation observed between sulfate and sulfi de refl ects both the collective effects of bacterial S reduction and disproportionation as well as the properties of the sulfate reservoir (Zaback et al., 1993) . For example, even in the presence of large fractionations during BSR with coupled disproportionation reactions and diffusional inputs of sulfate, high δ 34 S values for sulfate and sulfi de can occur in pore-water and water-column systems with weak sulfate renewal relative to the rate of bacterial consumption. By contrast, low δ 34 S values-i.e., high net fractionations-are characteristic of systems where sulfate is less limiting, such as in the water column of the Black Sea today (Lyons, 1997) . Anomalously high (strongly positive) δ 34 S data, as described in this report, require strong limitations in sulfate availability on either a local or global scale.
Sulfur Geochemical Records of Precambrian OceanAtmosphere Conditions-An Overview
Relevant details of the Precambrian sulfur cycle are provided in a recent review paper by Lyons et al. (2004) and in the references cited within that synthesis. These details are also summarized schematically in Figure 2 . Briefl y, recent estimates by Shen et al. (2001) place the onset of BSR at ca. 3.47 Ga (billion years ago). Despite this possibility, extremely low seawater sulfate concentrations (likely less than 200 μM) throughout the Archean beneath an O 2 -defi cient atmosphere yielded only local examples of the large S isotope fractionations that are often diagnostic of BSR (cf. Ohmoto et al., 1993, Kakegawa et al., 1998, and  (after Lydon, 1996) . Background for the interpretative details and related references are available in the text-including the G.O.E. (Great Oxidation Event). Kakegawa and Ohmoto, 1999) . These exceptions might record local, evaporative enrichments in seawater sulfate. By ca. 2.3 Ga, sulfate concentrations within seawater increased to levels where fractionations of a few tens of per mil are commonly observed in bacteriogenic pyrite. This spread in the δ 34 S data is coincident with the so-called Great Oxidation Event (Holland, 2002; Farquhar and Wing, 2003; Bekker et al., 2004) , when redox conditions at Earth's surface are thought by most workers to have shifted fundamentally from reducing to oxidizing. At this time, weathering of sulfi de minerals exposed on the continents beneath an O 2 -containing atmosphere would have led to appreciable increases in the fl ux of sulfate to the ocean (Fig. 2) -although oxygen concentrations were still only a small fraction of present atmospheric levels.
Although seawater sulfate concentrations rose in the early Proterozoic, its availability relative to the Phanerozoic ocean remained low throughout most if not all of the Proterozoic. Evidence for low sulfate concentrations-on the order of <5% to 15% of the present-day value of 28-29 mM for the mid-Proterozoic-is seen in the abundance of 34 S-enriched pyrite deposited during this interval (Shen et al., 2002 (Shen et al., , 2003 ; this report) and in the rapid and large-magnitude S isotope variability observed stratigraphically in many Proterozoic sulfi de-and sulfate-bearing sedimentary sequences (Luepke and Lyons, 2001; Hurtgen et al., 2002 Hurtgen et al., , 2004 Kah et al., 2004; Gellatly and Lyons, 2005) . During the Phanerozoic, by contrast, δ 34 S fl uctuations of similar magnitude are described by Claypool et al. (1980) for time periods of 10 7 to 10 8 years. By the late Proterozoic, atmospheric oxygen levels rose suffi ciently-with a corresponding rise in oceanic sulfate-to support increases in S isotope fractionations between sulfate and sulfi de to values typical of the Phanerozoic (i.e., up to and exceeding 60‰). Canfi eld and Teske (1996) attributed this increased fractionation to evolution among non-photosynthetic sulfi de-oxidizing bacteria, which accelerated the production of intermediate S species and thus the disproportionation reactions that can magnify the net isotope effect. However, overall increases in sulfate concentration would also have supported larger net fractionations, and a persistence of rapid δ 34 S variability in the marine sulfate reservoir would make fractionations between coeval sulfate and sulfi de diffi cult to evaluate Hurtgen et al., 2005) .
The Archean is generally regarded as a time of low oxygen and sulfate availability in the ocean. Under these conditions, high concentrations of dissolved iron supported extensive deposition of banded iron formations (BIFs). Across the Great Oxidation Kah et al. (2004) model for S isotope variability as recorded in CAS. Archean estimates refl ect the low sulfate values required to explain the predominance of small bacterial S isotope fractionations observed during this interval (Habicht et al., 2002) . The pyrite δ 34 S schematic (lower fi gure) is based on the compilation of Shen et al. (2001) . Increasing fractionations between sulfate and sulfi de (Δ 34 S) during BSR following the G.O.E. are inferred to record sulfate concentrations in the ocean that increased to values in excess of ~200 μM. Canfi eld and Teske (1996) attributed the increase in Δ 34 S in the Neoproterozoic to an increasing role by disproportionating bacteria in the sulfur cycle, although this interpretation has recently been challenged (Hurtgen et al., 2005) . Because most of the sulfate in the ocean derives from continental weathering of sulfi de minerals beneath an O 2 -containing atmosphere, increasing sulfate concentrations in seawater track the oxygenation of the Proterozoic atmosphere. Event ca. 2.3 Ga, oxygen in the atmosphere and thus sulfate in the ocean increased to levels that supported widespread marine BSR. A recent model argues, however, that under the comparatively low oxygen conditions of the Proterozoic atmosphere, the deep ocean may have remained free of oxygen for more than a billion years beyond the oxidation event (Canfi eld, 1998). Canfi eld argued that within this anoxic environment, and in the presence of a growing oceanic sulfate reservoir, sulfate-reducing bacteria would have thrived-giving rise to euxinic conditions throughout much of the deep Proterozoic water column (also Anbar and Knoll, 2002) . Recently, Mo isotope data from Proterozoic black shales have confi rmed the possibility of widespread oxygen defi ciency and perhaps euxinia in the Proterozoic ocean (Arnold et al., 2004) . Such conditions may have persisted until the Neoproterozoic when a second major oxygenation of Earth's surface resulted in a widely oxic deep ocean and ultimately the appearance of multicellular organisms (Des Marais et al., 1992; Canfi eld, 1998) . Despite this fundamental shift, the redox transition in the marine realm was complicated by the possibility of persistent or renewed oxygen defi ciency within the isolated, icecovered glacial ocean of the Neoproterozoic snowball Earth episodes (Hoffman et al., 1998; Hurtgen et al., 2002 Hurtgen et al., , 2004 .
SULFUR ISOTOPE TRENDS
In an earlier study, Lyons et al. (2000) showed a preponderance of high δ 34 S values in disseminated bacteriogenic pyrite extracted from organic-rich shales hosting the Sheep Creek and Soap Gulch SEDEX mineralization found within the ca. 1.47 Ga lower Belt Supergroup. The massive pyrite within the mineralized intervals showed similar enrichments. On further examination, strong stratigraphic trends were observed within the host shales, with upsection δ S data for drill core samples of the (A) Prichard and (B and C) Newland Formations (ca. 1.47 Ga) of the Belt Supergroup, northwestern United States. Prichard data are from the "main" Belt Basin and represent fi ne-scale pyrite/pyrrhotite laminae, lenses, and disseminations within dark-gray to black argillites. The Newland data are from disseminated pyrite within black shales collected within the Helena Embayment-the easternmost extension of the Belt Basin. The Newland shales are host to massive, SEDEX-type sulfi de mineralization in stratigraphic and spatial proximity to the data shown here. Nevertheless, the low-temperature, bacteriogenic pyrite in these shales and argillites appears to be unrelated to mineralizing, hydrothermal activity. Further details are available in Lyons et al. (2000) and Luepke and Lyons (2001). analogous patterns have been found in pyrite and pyrrhotite from the lower Belt Supergroup away from mineralized regions in metamorphosed argillitic equivalents. These data show both decreasing and increasing stratigraphic trends for δ 34 S ( Fig. 3 ) (Luepke and Lyons, 2001) . Collectively, the isotopic data and the relationships between organic carbon and pyrite sulfur in these sediments were viewed as convincing evidence for marine inputs into the Mesoproterozoic Belt Basin. The extent of marine deposition within the Belt Supergroup has been debated for decades (Winston, 1990; Winston and Link, 1993) .
The abundance of 34 S-enriched values in the lower Belt Supergroup was assumed to refl ect marine inputs into a highly restricted setting that may have been shut off intermittently from the open ocean. At the time of initial publication, the stratigraphic trends reproduced in Figure 3 were viewed as evidence for temporal variation in the strength of the local marine connectionwith the lowest δ 34 S values refl ecting the most open conditions. In subsequent years, we have observed that large and often-systematic δ 34 S variations over relatively short stratigraphic intervals within single sedimentary units are not unusual for Proterozoic sulfi de accumulations (Ross et al., 1995; Strauss, 1997 Strauss, , 2002 , including SEDEX mineralization (Carr and Smith, 1977; Smith et al., 1978; McGoldrick et al., 1999) , and that these patterns may have global implications Lyons et al., 2004) .
The pronounced 34 S enrichments that dominate the sulfi des of the lower Belt Supergroup are also common throughout the Proterozoic record (Lambert and Donnelly, 1991; Logan et al., 1995; Canfi eld, 1998; Canfi eld and Raiswell, 1999; Gorjan et al., 2000; Shen et al., 2002 Shen et al., , 2003 Strauss, 2002) . Nowhere are these enrichments better expressed than in SEDEX mineralization. In Figure 4 , we have compiled a large number of δ 34 S data for SEDEX deposits spanning the Proterozoic. This compilation refl ects a range of sulfi de minerals, including ore-phase galena and sphalerite, as well as sedimentary sulfi des (dominantly pyrite) in host sediments away from the hydrothermal mineralization. This selection of data is not intended to be a comprehensive survey of Proterozoic SEDEX ore deposits. Instead, we have tried to assemble a representative suite of the largest data sets, with an additional goal of providing broad temporal coverage. The most striking observations about Figure 4 , and the focus of much of the discussion that follows, are the wide ranges of δ 34 S values for each of the deposits and the predominance of 34 S enrichments in the ore bodies and host shales.
IMPLICATIONS Stratigraphic Isotope Trends
The patterns of comparatively rapid δ 34 S variability described above for Proterozoic metal sulfi des-that is, variations of tens of per mil over stratigraphic thicknesses of hundreds of meters or less-are also observed in samples of sulfate-S of Proterozoic age. These patterns have been observed both in gypsum (Fig. 5) (Kah et al., 2001 ) and carbonate-associated . Summary of δ 34 S data for sulfi des from Proterozoic SEDEX deposits. Data represent pyrite and the full range of base metal sulfi des present, as well as disseminated sulfi des within the host sediments. References and location information are as follows: Aberfeldy, Scotland (Willan and Coleman, 1983) ; Balmat-Edwards, United States (Whelan et al., 1984) ; Jianshengpan, Dongshengmiao, and Tanyaokou, China (Ding and Jiang, 2000) ; Sullivan, Canada (Campbell et al., 1978 (Campbell et al., , 1980 ; Belt Supergroup, United States (Lyons et al., 2000; Luepke and Lyons, 2001 ); Amjhore, India (Guha, 1971; Pandalai et al., 1991) ; McArthur River, Australia (Smith and Croxford, 1975; Rye and Williams, 1981; Eldridge et al., 1993; Shen et al., 2002) ; Mount Isa, Australia (Solomon, 1965; Smith et al., 1978; Andrew et al., 1989; Davidson and Dixon, 1992; Painter et al., 1999; McShane, 1996) ; Dugald River, Australia (Dixon and Davidson, 1996; Davidson and Dixon, 1992) ; Lady Loretta, Australia, (Carr and Smith, 1977; Scott et al., 1985) . With the exception of the Chinese deposits, the histograms are stacked in a generally correct stratigraphic order. The Aberfeldy deposit is late Neoproterozoic. The Balmat-Edwards, Sullivan, Belt, and Amjhore deposits fall in a range of 1.3-1.5 Ga. McArthur River, Mount Isa, Dugald River, and Lady Loretta have ages of 1.6-1.7 Ga. Additional details about age relationships are available in Lyons et al. (2004) and in the primary references. We note the abundance of 34 Senriched sulfi des present in these deposits. By contrast, pyrite forming in the modern water columns of the Black Sea and Cariaco Basin have δ 34 S values of -30‰ to -40‰, with Δ 34 S values of ~-50‰ to -60‰ (Lyons, 1997; Lyons et al., 2003) . sulfate (CAS) (Fig. 5) (Hurtgen et al., 2002 (Hurtgen et al., , 2004 Kah et al., 2004; Gellatly and Lyons, 2005) . In contrast to earlier arguments for local controls on the patterns observed in the Belt basin (Lyons et al., 2000; Luepke and Lyons, 2001) , the spatially and temporally widespread nature of this style of isotopic variability now suggests a global control. Specifi cally, these δ 34 S records preserved in sulfate and sulfi de, including SEDEX deposits, may refl ect rapid changes in the isotopic composition of seawater sulfate on a global scale. Such patterns of variability are unlike the temporally broad, fi rst-order trend of the Claypool et al. (1980) sulfate curve, which has long defi ned the Phanerozoic paradigm for seawater isotopic behavior (also Strauss, 1997; Kampschulte and Strauss, 2004) . Almost certainly the "Claypool paradigm" misrepresents the extent of short-term δ 34 S variability recorded in younger rocks. We are exploring this possibility and see early signs of greater complexity in the Paleozoic record (Gill et al., 2006 ; also Kampschulte and Strauss, 2004) , and marine barite is revealing the fi ner texture of δ 34 S variability during the Mesozoic and Cenozoic (Paytan et al., 1998 (Paytan et al., , 2004 . Nevertheless, the shorter-term δ 34 S shifts recorded in the barite data are smaller (on the order of 5‰) and longer (roughly 5-10 m.y.) than those of the Proterozoic and likely the Paleozoic.
A Proterozoic ocean with appreciably lower sulfate concentrations, beneath an atmosphere with less oxygen, would be more vulnerable to rapid isotopic variability. A lower mass of sulfate in the ocean equates to a shorter residence time and thus higher sensitivity to δ 34 S variation as driven by fl ux terms such as pyrite burial, weathering inputs, and volcanogenic sulfur. Kah et al. (2004) modeled the rate of δ 34 S variability (dδ 34 S/dt) observed at several Proterozoic localities, using both gypsum and CAS data, and estimated mid-Proterozoic seawater sulfate concentrations that were only 5% to 15% of present-day levels.
Previous sulfur workers have suggested that upsection increases in δ 34 S observed over tens to hundreds of meters could, in general, refl ect progressive sulfate depletions under closedsystem sulfate reduction-that is, isotopic evolution behaving as a Rayleigh distillation. This explanation is particularly attractive within the likely restricted, rifted tectonic settings that characterize most SEDEX deposits; however, it fails to explain the upsection decreases in δ 34 S that are also observed. Furthermore, analogous trends have been observed in platform carbonate (CAS) and evaporite sequences, where local restriction and progressive 34 S enrichment through local pyrite burial are diffi cult to imagine (Kah et al., 2001 .
Mass balance calculations that weigh sulfate availability against total sulfi de burial within shale hosts provide another important constraint (Fig. 6) . The large amounts of metal sulfi de within SEDEX deposits imply that a substantial fraction of the total basinal sulfate/sulfi de reservoir is supplying sulfur to localized sites of enrichment. Consequently, sulfur supplied from single volumes of local pore water and the immediately overlying water column is typically not adequate to explain the large amount of ore sulfur present. In shales unaffected by SEDEX processes, however, we can explore stratigraphic isotopic trends in light of simple assumptions about the sulfur source-sink relationship. If pyrite in the shale is accumulating across the deep basin fl oor, and mechanisms are not in place for localized enrichment, we can estimate how much pyrite could be generated beneath a given parcel of seawater. We performed this calculation for a 1 m × 1 m area of the water column, assuming closed system behavior for that parcel and quantitative conversion of sulfate to H 2 S and sequestration as FeS 2 (Fig. 6) . In other words, we are testing the oft-cited argument that systematic upsection increases in δ 34 S within a black shale might refl ect progressive evolution via BSR in a closed system.
Our simple model assumes that suffi cient Fe is present to capture all of the sulfur in the system over the evolution of the closed system. In the example shown, water depth is assumed to be 1000 m. Seawater sulfate concentration is chosen as today's value (~29 mM). The non-pyrite (detrital sediment) component is assumed to have a density of 2.7 g/cc, and the detrital sediment is assigned an initial porosity of 50%. In this example, all of the sulfi de is precipitated as pyrite-other metal sulfi des would modify the results only slightly-and the iron sulfi de is assumed to precipitate in the original pore space.
Under these model conditions, the stratigraphic distribution of the pyrite resulting from a single water column of seawater can be calculated for any wt.% pyrite in the fi nal sampletaken as a reasonable black shale value of 2% in this example (Fig. 6) -yielding accumulation over a stratigraphic thickness of only 63 m. This thickness is insuffi cient to explain the stratigraphic extents of many progressive 34 S enrichments observed in the shale record (e.g., Fig. 3) , and a shallower water column or lower original seawater sulfate concentration could reduce the stratigraphic estimates signifi cantly. For example, our estimate of ~10% modern sulfate concentrations for the mid-Proterozoic would reduce the thickness estimates by a factor of ten, thus adding further credibility to arguments for global rather than local controls on observed δ 34 S trends in the shales. If the estimates for low sulfate in the Proterozoic ocean are correct, the stratigraphic trends preserved within the metal sulfi des of shales and ore deposits could be tracking global seawater sulfate values. Under conditions of local isolation, the effects of low oceanic sulfate availability would be exacerbated during sulfate reduction, leading to sulfi de δ 34 S data that would also track the oceanic trend with little net fractionation between the parent sulfate and product sulfi de. We have shown that many of the sulfi de data are 34 S enriched and that their ranges overlap strongly with those for the sulfate. Rapid isotopic variability in the ocean, in combination with pyrite formation under conditions of limited local and global sulfate availability, would yield the δ 34 S ranges summarized in Figure 4 .
Controls on

S Enrichments
Other workers have suggested that widespread S excursions recorded in CAS-specifi cally in response to the Neoproterozoic glacial episodes-could refl ect a suppressed riverine sulfate fl ux, in combination with nearly complete sulfate reduction within an isolated, anoxic global ocean (cf. Shields et al., 2004) . These "snowball Earth" patterns, although generally linked to the overall low sulfate concentrations of the Proterozoic, are a subset of the longer-term controls and patterns described here.
Smaller fractionations during bacterial cycling of S would also facilitate 34 S enrichments in Proterozoic sulfi des. Specifically, Canfi eld and Teske (1996) , in a now debated model (e.g., Hurtgen et al., 2005) , favored reduced fractionations prior to the Neoproterozoic-arguing that the enhanced 34 S depletions during disproportionation reactions had minimal or no infl uence prior to further increases in Earth surface oxidation late in the Proterozoic (cf. Johnston et al., 2005) . Regardless, Canfi eld and Raiswell (1999), Strauss (2002) , Shen et al. (2003) , and others have shown that fractionations at least as large as those possible by BSR alone, and thus light δ 34 S values, are also observed during the mid-Proterozoic, which suggests sulfate concentrations of >200 μM (Habicht et al., 2002) .
Some diagenetic models suggest that extreme 34 S enrichments in sulfi de analogous to those described here (e.g., Fig. 4 ) may require sulfate concentrations of less than 1 mM (Habicht et al., 2002; see Canfi eld, 2004 S-depleted pyrite that is almost 60‰ lighter than the coeval seawater sulfate (Calvert et al., 1996; Lyons, 1997; Wilkin and Arthur, 2001) .
The 1 mM sulfate maximum is lower by roughly a factor of two than the mid-Proterozoic predictions summarized here (e.g., Kah et al., 2004) . Although not a big difference, these results suggest that SEDEX deposits and Proterozoic sediments in general, through quantitative sulfate reduction and effi cient hydrogen sulfi de retention as metal sulfi des, may exceed typical, more-recent early diagenetic environments in their ability to generate extreme 34 S enrichments. In modern marine sediments, as much as 95% of hydrogen sulfi de generated is reoxidized (Jørgensen et al., 1990) , in part because of limited supplies of reactive iron (Canfi eld et al., 1992) . Under lower sulfate/sulfi de conditions, iron limitation becomes less of a factor, particularly if iron and other sulfi de-reactive metals are available in great abundance-suggesting anomalously high burial effi ciencies for Proterozoic H 2 S (Hurtgen et al., 2005) . Also, the very high sedimentation rates expected in the isolated rift settings and the lack of Proterozoic bioturbation, regardless of benthic O 2 levels, would have a pronounced effect on sulfate transport, reactive carbon availability, and sulfi de retention within the sediments and could enhance 34 S enrichment (Hurtgen et al., 2005) . Furthermore, rates of BSR associated with SEDEX mineralization may have been anomalously high.
The Possible Role of Methane
Reduced concentrations of sulfate in the early ocean would have favored the production and preservation of methane (Habicht et al., 2002) . Sulfate-reducing bacteria compete with methanogens for metabolizable organic compounds, and anaerobic oxidation of methane (AOM) occurs through a consortium of microorganisms, with BSR playing a central role (Boetius et al., 2000) . Also, methanogens are anaerobes, and methanotropic bacteria readily oxidize methane in the presence of oxygen. Conditions of low oxygen, in combination with limited sulfate availability, would support a methane-rich ocean-atmosphere system (Pavlov et al., 2000; Habicht et al., 2002) , which may have persisted, albeit at a reduced level, throughout most of the Proterozoic (Pavlov et al., 2003) . The possibility of high levels of atmospheric methane during the Precambrian was indirectly advanced through the paleosol study of Rye et al. (1995) , which has been challenged recently by Ohmoto et al. (2004) .
Although a connection to the Proterozoic sulfur geochemistry is highly speculative, we also note that the most extreme 34 S-enrichments found in modern marine sediments occur in association with high fl uxes of methane. High fl uxes of methane within sedimentary systems support AOM and thus anomalously high subsurface rates of BSR and comparatively high associated δ 34 S values for hydrogen sulfi de and pyrite Fu, 2000, 2003; Arvidson et al., 2004; M. Formolo, 2006, personal commun.) . It is interesting to note that pyrite δ 34 S values as high as those found commonly in the Proterozoic are best developed today where subsurface, AOM-driven secondary sulfur is overprinting freshwater sediments (Jørgensen et al., 2004) . Despite a lack of direct evidence, high methane availability may have supported high rates of Proterozoic BSR, which, in combination with lower overall sulfate concentrations, basin restriction, and strong hydrogen sulfi de retention, would have favored high δ 34 S values for the metal sulfi des.
In modern deep-water, cold seep environments, bacterial mats of sulfi de-oxidizing Beggiatoa are often abundant, refl ecting the high levels of methane and associated BSR that typify the near-surface environment immediately below the mats (Larkin et al., 1994; Zhang et al., 2005) . Such mats form today chemoautotrophically-deriving energy from oxidation of the copious sulfi de formed during AOM. In addition to their abundances of pyrite, modern cold seep and gas hydrate localities are also known for enhanced, often extensive barite deposition (Dickens, 2001; Greinert et al., 2002; Torres et al., 2003) .
Organic biomarkers consistent with sulfi de-oxidizing bacteria were recently reported from inter-ore beds at the giant Proterozoic McArthur River Zn-Pb SEDEX deposit (Logan and Hinman, 2001) , and a diverse microfossil assemblage is preserved in black chert nodules intimately associated with Zn-Pb mineralization (Oehler and Logan, 1977) . Additional petrographic evidence for a microbial role in sulfi de formation in the Proterozoic deposits comes from a diversity of macro-and micro-textures in iron and base metal sulfi des (McGoldrick, 1999) . In particular, "crinklywavy" laminated pyrite beds, which are ubiquitous in the northern Australian deposits and the eastern Belt Basin, are interpreted as pyritized microbial mats (Schieber, 1986 (Schieber, , 1990 McGoldrick, 1999; McGoldrick et al., 1999) (Fig. 7) .
Other Evidence for Low Proterozoic Sulfate
Low sulfate concentrations in the Proterozoic ocean are further suggested by other independent evidence: (1) a comparative scarcity of massive bedded gypsum deposits prior to the mid to late Proterozoic ; (2) the generally lower amounts of barite associated with Proterozoic SEDEX deposits relative to Phanerozoic examples (Lydon, 1996) -although barium availability also plays an important role (Cooke et al., 2000) ; (3) possibly the low CAS concentrations in Proterozoic carbonates (Hurtgen et al., 2002 (Hurtgen et al., , 2004 Pavlov et al., 2003; Gellatly and Lyons, 2005) ; and (4) perhaps even the widespread occurrence of dolomite in Precambrian rocks compared to younger sediments. Finally, carbon-sulfur relationships summarized in Strauss (2002) suggest marine deposition during the Paleo-and Mesoproterozoic that was characterized by lower concentrations of seawater sulfate than in the latest Precambrian and Phanerozoic. Lyons et al. (2000) described analogous high C/S ratios for the shales of the lower Belt Supergroup (cf. Hurtgen et al., 2005) .
Paleoredox
Proterozoic seawater sulfate concentrations, while low, were at least a factor of ten higher than those present during the Archean, as would be expected with the increased oxidation at Earth's surface beginning ca. 2.3 Ga. This extreme sulfur limitation alone may explain the absence of Archean SEDEX mineral deposits. Nonetheless, despite this fundamental shift in redox (Holland, 2002; Farquhar and Wing, 2003; Bekker et al., 2004) , a growing body of evidence is suggesting that oxygen defi ciency may have persisted in the deep ocean for as long as 1.5 b.y. following the Great Oxidation Event. Canfi eld (1998) fi rst predicted this from a simple model that required only estimates of oxygen concentrations in the Proterozoic atmosphere and respiratory oxygen demand in the ocean-but without direct evidence. He further suggested that despite the relatively low sulfate conditions, the combination of a growing marine sulfate reservoir in the presence of deep-water anoxia may have led to widespread BSR and thus ocean-scale euxinia. Subsequent to Canfi eld's initial prediction, Mesoproterozoic euxinia was shown by Shen et al. (2003) , Poulton et al. (2004), and Brocks et al. (2005) to have occurred at least on the scale of an individual basin and perhaps more generally throughout the ocean (Arnold et al., 2004) .
Canfi eld (1998) extrapolated his model predictions for euxinia to suggest that BIFs may have disappeared ca. 1.8 Ga not because of comprehensive oxygenation of the ocean but rather through a buildup of H 2 S in the water column, which would have Figure 7 . Core photos showing microbial mat-like textures preserved in pyrite and base metal sulfi de ore from SEDEX deposits (Schieber, 1990; McGoldrick, 1999) . ( modulated Fe solubility through pyrite formation. As such, the 1.8 Ga threshold would represent the time when increasing sulfur availability overcame the Fe fl uxes to the ocean, including hydrothermal inputs (Isley and Abbott, 1999; Abbott and Isley, 2001; cf. Lowell and Keller, 2003) . Consequently, it may not be fortuitous that SEDEX deposits fi rst appear roughly when BIFs disappear-with both phenomena marking the generally widespread availability of H 2 S. Also of relevance, Condie et al. (2001) argued for a prominent maximum in Precambrian black shale deposition during a window from 2000 to 1700 Ma, which they linked at least partially to superplume activity.
An additional and essential benefi t of widespread anoxia is the enhanced preservation of sulfi de minerals residing on or near the seafl oor. It is well known that sulfi des deposited on the seafl oor today along mid-ocean ridges are rapidly oxidized off axis beneath the oxic water column (Alt et al., 1989; Alt, 1994; Edwards et al., 2003) .
Paleotectonics and the Importance of Local Controls
Although tectonic conditions must also be favorable for the production of hydrothermal, mineralizing fl uids, high levels of rift-related heat fl ow are certainly not unique to the sites and time windows of SEDEX ore deposition. Intracratonic and continental margin, fault-controlled basins and troughs are common in rift zones throughout geologic history, and patterns of rifting are often intimately related to supercontinent breakup. It may be relevant, however, that the mid-Proterozoic maximum in SEDEX mineralization coincides with a proposed peak in superplume activity and thus oceanic hydrothermal fl uxes (Isley and Abbott, 1999; Condie et al., 2001 ; see also Barley and Groves, 1992) . Isolated, rift basins may also have favored the development of local anoxia, although the importance of this is less clear for the Proterozoic deposits when deep-water oxygen defi ciency may have been common. Finally, rift-associated hydrothermal activity and fault conduits for possible methane and other hydrocarbon migration would have been ideal for enhancing metal availability and perhaps hydrogen sulfi de production. A close relationship between SEDEX-type mineralization and ancient hydrocarbon seeps or vents has been suggested by others (e.g., Johnson et al., 2004) .
Comparisons with Younger Deposits
Temporal selectivity of SEDEX mineralization is, to some extent, biased by a few very large and well-studied deposits. Similarly, the number of SEDEX deposits for a given time interval may be less meaningful than the total mass of mineralization. Nevertheless, peak periods of SEDEX mineralization seem clear and include both Proterozoic and Paleozoic time intervals (Fig. 1) (Lydon, 1996) . The most straightforward conclusion from this distribution is that the Proterozoic onset of large-scale SEDEX mineralization almost certainly coincides with the early to midProterozoic accumulation of sulfate and sulfi de within the global ocean system. Although sulfate was increasing over this interval, the predominance of 34 S-enriched sulfi des suggests that sulfate remained well below modern levels.
The biggest complication in an otherwise consistent story is that Phanerozoic deposits are also known for their 34 S enrichments-for example, Red Dog, Rammelsberg, and the deposits of the Selwyn Basin, all of which are Paleozoic in age (Anger et al., 1966; Goodfellow, 1987; Eldridge et al., 1988; Jennings and King, 2002) (Fig. 8) . Given this, it would be easy to de-emphasize the importance of global controls in favor of local parameters, such as rift-related basin restriction with associated anoxia and local sulfate defi ciencies. Although the abundant barite associated with Paleozoic deposits suggests that sulfate was increasing in the ocean, our recent work (Gill et al., 2006 ) and the studies of Horita et al. (2002) , Lowenstein et al. (2003) , Brennan et al. (2004), and Canfi eld (2004) suggest that sulfate increased but remained low relative to the modern ocean well into the Paleo- Figure 8 . Summary of δ 34 S data for selected Phanerozoic SEDEX deposits. Data represent pyrite and base metal sulfi des. References and location information are as follows: Anvil District, Canada (Shanks et al., 1987) ; Howards Pass, Canada (Goodfellow and Jonasson, 1987) ; Rammelsberg, Germany (Anger et al., 1966) ; Meggen, Germany (Buschendorf et al., 1963) ; Red Dog, United States ; Reocin and Troya, Spain (Velasco et al., 1994). zoic. As for the Proterozoic, restricted, rift basin settings during the Phanerozoic would have intensifi ed the conditions of comparatively low global oceanic sulfate availability.
The predominance of 34 S-enriched metal sulfi des of Phanerozoic SEDEX deposits highlights even more clearly the necessity for high rates of BSR in combination with anomalously high effi ciency in sulfi de mineralization. Again, high, fault-controlled fl uxes of methane and other hydrocarbons would drive high microbial production of hydrogen sulfi de at or below the sediment-water interface, and associated hydrothermal activity would supply the metals necessary for sulfi de mineralization. Most Phanerozoic SEDEX deposits are of the "Selwyn-type" (Cooke et al., 2000) , and therefore the ore-forming fl uids carried metals and reduced S together. Mixing this ore-fl uid sulfi de with sedimentary sulfi de formed at the sites of ore deposition may produce S isotope patterns that are inherently more complex than those seen in "McArthur-type" deposits.
Mechanisms of SEDEX mineralization may intrinsically lead to strong local sulfate defi ciencies and thus high 34 S enrichments-regardless of the age. Zaback et al. (1993) and Jørgensen et al. (2004) remind us, however, that "closed-system" isotopic behavior often marks settings where sulfate resupply is occurring-but via fl uxes that are overwhelmed by high rates of consumption by BSR. This model, for example, helps explain large amounts of 34 S-enriched sulfi de, as are observed in SEDEX deposits, particularly if H 2 S retention is high (Fig. 4) . Today, such high rates of BSR are observed in association with AOM, particularly where other easily metabolized hydrocarbons are also released through seeps (Formolo et al., 2004) . One could speculate that the fault control that is central to SEDEX mineralization plays a major role as a conduit for hydrocarbon migration in these organic-rich, shale-dominated settings.
The temporal and spatial distribution of Phanerozoic SEDEX mineralization almost certainly refl ects the more strongly oxidizing conditions of the ocean, which would infl uence both H 2 S availability and preservation of minerals precipitated at or near the seafl oor. As a result, younger deposits may be limited to areas and episodes of basin-scale anoxia (Goodfellow and Jonasson, 1984; Turner, 1992) , or they may have required an oxygen-shielding cap, either through barite deposition or mineralization below the sediment-water interface. The drop-off in abundance of Proterozoic deposits following the peak at 1800-1600 Ga is more diffi cult to explain. Perhaps, in contrast to arguments for persistent euxinia, conditions were already too oxidizing to facilitate widespread bottom-water sulfi de production and enhanced metal sulfi de preservation. Proterozoic deposits are relatively lacking in barite, as would be expected given the comparatively low sulfate availability in the ocean. Thus, any protection from oxygen offered by a barite cap would be minimal.
SUMMARY
Our goal here was to explore the fi rst-order temporal patterns observed for SEDEX mineralization in light of the most recent models for early ocean-atmosphere chemistry. Despite the many unanswered questions, a number of internally consistent, primary observations have emerged, which provide a framework for further exploring the origins and distributions of SEDEX mineralization:
1. The absence of volumetrically signifi cant SEDEX mineralization during the Archean can be attributed to limitations in sulfi de availability, which ultimately refl ect seawater sulfate concentrations beneath an oxygen-deficient atmosphere that were perhaps less than 1% of those present today. 2. Following the fundamental shift to a more oxidizing atmosphere ca. 2.3 Ga, sulfate fl uxes to the ocean increased signifi cantly through continental weathering of sulfi des exposed in the presence of oxygen. Despite increased atmospheric availability, oxygen may have remained scarce in the deep ocean for at least another billion years. This deep ocean condition was at least partially a consequence of atmospheric oxygen levels that remained far below those present today. Increasing sulfate combined with an O 2 -poor ocean could have spawned widespread euxinia throughout the Proterozoic ocean. The disappearance of banded iron formations ca. 1.8 Ga may mark the attainment of a critical threshold in H 2 S accumulation in the ocean. 3. Given conditions that were tectonically favorable to hydrothermal sourcing of metals, the appearance of SEDEX mineralization ca. 1.8 Ga likely marks the ubiquity of H 2 S in the marine system-including oxygen-defi cient bottom waters-which favored the production and preservation of metal sulfi de mineralization on the seafl oor. 4. The common occurrence of 34 S enrichments within SEDEX sulfi des is viewed as a combined product of globally low seawater sulfate, high rates of bacterial sulfate reduction, and locally enhanced sulfate limitations under the partially closed rifted marine basins in which SEDEX mineralization occurs. Limited sulfate availability may also be recorded in the lower amounts of barite associated with Proterozoic deposits. 5. Despite the possibility of a widely sulfi dic deep ocean, the high rates of sulfate reduction expressed in the 34 S enrichments must, to an appreciable extent, refl ect local bacterial activity. Enhanced local hydrocarbon fl uxes and/or globally pervasive methane could have supported these high rates. 6. Following a mid-Proterozoic peak in SEDEX mineralization, the generally waning occurrence of these deposits throughout the latter part of the Proterozoic and only intermittent Phanerozoic occurrences may refl ect increasing oxygenation of deep seawater and corresponding decreases in ambient H 2 S. Under these conditions, basins with restricted circulation and local bottom-water anoxia become increasingly important. 7. Paleozoic SEDEX sulfi des commonly bear 34 S enrichments analogous to those observed in the Proterozoic. The enrichments are partially a product of the local reservoir properties-specifi cally inhibited seawater/sulfate exchange with the open ocean. However, as for the Proterozoic, lower global seawater sulfate availability relative to today and high rates of bacterial sulfate reduction are suggested. It is an oversimplifi cation to imagine that restricted marine conditions a priori favor extreme sulfate limitations. For example, Paleozoic deposits show large amounts of associated barite. Furthermore, purely closed system behavior is inconsistent with large amounts of metal sulfi de formation. Instead, we emphasize the importance of anomalously high rates of bacterial reduction and H 2 S retention under conditions of limited but not isolated sulfate supply. 
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